as doping, [19, 21, 22] spill-over, [23] intercalating and pillaring are researched, [24, 25] they are insufficient for practical solutions. Propelled by the higher H 2 adsorption of BN allotrope compared to their carbon counterparts [18] (Supporting Information 1), our group recently reported a series of hybrid pillared BN (PBN), providing a new class of porous 3D nanostructures with high surface area (>2200 m 2 g −1 ) and excellent mechanical and thermal stabilities. [26, 27] These attributes, along with the flexibility in choosing the pillar length (PL) and interpillar distance (PD) of PBN as well as the intrinsic superhydrophobicity and electrically insulating nature of BN, [28] are highly desired to create a building block approach toward making efficient and safe H 2 sorbent materials. Specially, in the light of recent successful syntheses of several 3D porous carbons and BN nanostructures (some of it synthesized at Rice University) , [29] [30] [31] a fundamental understanding and predictive design of their hydrogen uptake can provide valuable insights and strategies, unachievable by experiments.
Herein, we report a new protocol to abstract, capture and upscale the fundamentals of H 2 adsorption in a series of hybrid BN building blocks via an extensive 3868 ab initio-based multiscale simulations for an exhaustive search for optimal Hydrogen is an ideal synthetic fuel because it is lightweight, abundant and its oxidation product (water) is environmentally benign. However, its utilization is impeded by the lack of an efficient storage device. A new building block approach is proposed for an exhaustive search of optimal hydrogen uptakes in a series of low density boron nitride (BN) nanoarchitectures via extensive 3868 ab initio-based multiscale simulations. By probing various geometries, temperatures, pressures, and doping ratios, these results demonstrate a maximum uptake of 8.65 wt% at 300 K, the highest hydrogen uptake on sorbents at room temperature without doping. Li + doping of the nanoarchitectures offers a set of optimal combinations of gravimetric and volumetric uptakes, surpassing the US Department of Energy targets. These findings suggest that the merger of energetic affinity and optimal geometry in BN building blocks overcomes the intrinsic limitations of sorbent materials, putting hybrid BN nanoarchitectures on equal footing with hydrides while demonstrating a superior capacity-kinetics-thermodynamics relationship.
Hydrogen Storage
Hydrogen is one of the most promising energy fuels, which is a potential environment-friendly replacement for fossil fuel to supply energy for automobiles and smaller portable devices. [1, 2] However, its utilization is impeded by the lack of safe and efficient storage device. [1, 3, 4] The 2017 target for realistic and economic storage media set by the US Department of Energy (DOE) is the ability to reversibly store hydrogen with larger than 5.5 wt% gravimetric and 40 g L −1 volumetric capacity under moderate conditions. The ultimate targets by DOE are 7.5 wt% gravimetrically and 70 g L −1 volumetrically. [5] To achieve this, among the various materials and structures explored so far, the four main promising categories are conventional hydrides, complex hydrides, sorbents, and chemical hydrides. [1] Conventional combinations of gravimetric and volumetric uptakes as a function of geometry, temperature, pressure, and doping. Leveraging energetic affinity and synergistic pore-structure effects in tandem lead to optimum architectures with impressive uptakes at mild conditions, putting sorbent PBNs on par with hydrides. The hallmark of our multiscale approach is the effective transfer of high-accuracy quantum-chemical information to massively large-scale statistical mechanical modeling, i.e., Grand Canonical Monte Carlo (GCMC) simulations, incorporating microscopic thermal fluctuations with unprecedented electronic fidelity (see Experimental Section).
The 3D PBN nanostructures used in this work are composed of stacks of monolayer BN nanosheets (BNNSs) covalently connected to single wall BN nanotubes (BNNTs) ash shown in Figure 1a . [26] PBN structure can be tuned by adjusting the PD and PL. In this study, we considered two different values for each of PD and PL, hence four PBN prototypes, PBN I to PBN IV (Supporting Information 2). The key structural parameters of these four prototypes along with their surface areas per mass/volume are tabulated in Table S1 (Supporting Information). We quantified the adsorption energy of H 2 in various positions (top, bridge, and hallow) around suitable clusters of sheets, tubes, and junctions ( Figure 1b) . Despite the relatively low concentration in the material, the junction part is explicitly studied by the same thoroughness as the sheet and tube parts so that the transition between tube and sheets is better accounted for. For both tubes and sheets, H 2 is most stable on the top position of the N atoms, while the bridge position offers a more favorable site for the junction leg, mainly due to the high curvatures imposed by the junction (Supporting Information 3). H 2 interacts most strongly with the junction, followed by the sheet, and then the nanotube. Since the BN sheet can be considered as a BNNT with an infinite radius, this is consistent with the previous density functional theory result that lower curvature of BNNT yields higher adsorption energy for nonpolar molecules. [18] After the static study of the optimal adsorption geometry and energy, potential energy surface (PES) is scanned based on the equilibrium geometry and is used for training several Morse force-field potentials (see Experimental Section). 1d shows the PES data and fitted Morse potentials (Supporting Information 4) for the favorable H 2 positions and orientations as a function of the distance to various clusters. Unlike the generic force fields, these Morse potentials are fitted directly against our extensive ab initio data, thus they are able to describe the large-scale microscopic interactions of H 2 with the substrate atoms with electronic fidelity.
Although the previous section revealed energetics of the weak vdW interactions of H 2 with the small model clusters of the PBN host, the H 2 would not be solely vibrating in their equilibrium positions as in the case of chemisorption. For better prediction of the macroscale H 2 uptake, we performed extensive GCMC simulations using these highly accurate Morse potentials to account for the thermal fluctuations. First, the structural parameters (PD and PL) have a profound impact on the H 2 uptake capacity of PBN. For a constant PL, increasing PD always increases the gravimetric H 2 uptake. This can be understood from the energetic data in Table S3 (Supporting Information). In the light of higher affinity of H 2 toward BNNTs with smaller curvatures, the BN sheets have stronger interactions with H 2 than the BNNTs. Thus, increasing PD essentially increases the proportion of B and N atoms in the sheets, which are more favorable for adsorption. This microscopic explanation can also be verified by the typical snapshots of the GCMC simulation in Figure 2i , where the higher concentration of H 2 towards the sheets (vs. nanotubes) is evident. Thus, for a constant PL, PBN II has a higher gravimetric uptake than PBN I for all the studied pressures and temperatures because of the larger portion of the sheets. A similar trend exists for PBN IV versus PBN III.
Second, considering constant PD, the role of PL on gravimetric uptake depends on pressure, which is somewhat nonintuitive. For small partial pressure of the H 2 below 30 bar and 77 K, PBN II offers more uptake while for larger pressures PBN IV takes over and there is a crossing point. A similar observation holds for PBN I versus PBN III. This can be explained via the structural features of PBN geometry ( Figure 1a ): From PBN I to III, or PBN II to IV, increasing the PL enlarges the pore volume between the BN sheets. At low pressures, when H 2 is not able to fill this pore volume, increasing PL solely adds more mass to the substrate without increasing its uptake much. However, at high pressures, when the pore volume is already too crowded with H 2 molecules, increasing PL would enable the structure to accommodate more H 2 molecules. Simply put, at high pressures, the mass of the additional H 2 that is to be accommodated by the increased volume exceeds the mass of building the larger pillars. A similar observation and crossing point exist at 300 K temperature as well; however, in that case, the higher temperature moves the crossing point to larger pressures beyond the maximum shown in Figure 2 .
Third, the volumetric uptake has a strong dependence on PL but a weak dependence on PD. More precisely, for the four PBN structures, lower PL means more concentration of BNNSs without much change in the effective total volume, hence higher H 2 uptake capacity. In the case of BNNT, lower PD (more tube concentration) has minor influences on uptake capacity, due to the low attraction of H 2 to tubes (vs. sheets) to attract H 2 . Therefore, considering volumetric uptake, PBN I outperforms PBN III, and PBN II outperforms PBN IV, for all the studied pressures and temperatures.
Finally, there is no direct correlation between the gravimetric and volumetric uptakes with the specific surface area per unit mass or per unit volume (Table S1 , Supporting Information). This is because of the large difference between the energetics of the nanotubes and sheets, making the sum of their areas to be uncorrelated with the actual uptake performance. However, generally speaking, PBN structures with more concentration of sheets (e.g., PBN II) exhibit higher gravimetric and volumetric uptake capacities for majority of pressure ranges. This will be discussed shortly in the form of an ideal sheet model in the next section. For comparison, Figure 2 also shows the H 2 uptake of pillared graphene (obtained via similar GCMC simulations), [22] Figure 1. The PBN prototypes along with their model clusters and ab initio energetic data. a) The four PBN structures with different PL and PD studied in this work. b) The cluster models for the sheet, tube, junction parts of the undoped PBN structures. Blue, pink, and white spheres refer to N, B, and H atoms. The junction is divided into two parts: octagon (blue) and leg (yellow). c) The coronene cluster models for the doped PBN structure in the sheet, tube, and junction parts. The green spheres denote Li + ions. d) The ab initio derived potential energy surface (PES) data of H 2 molecule interactions with the cluster models of the undoped structures. e) The ab initio PES data of H 2 molecule interactions with the cluster models of the doped structures.
here we consider a model system with infinite PD, equivalent of stacks of nanosheets separated by a slab distance (Figure 3a) . This model can help identify limiting mechanisms when PD is varied. From an experimental standpoint, too large PD may cause fluctuations in the slab distance and instability of the structure, leading to deviation from our theoretical predictions.
However, in real synthesis, the inter-pillar distance should have a bare minimum required by the mechanical stability of the system, thus exhibiting uptake capacities near the limiting values predicted here. Setting PD to infinity, there is only one free structural parameter, the slab distance, which can still be conceptually understood as the pillar length, PL. [22] is also shown which exhibits inferior performance compared to PBN structures. e-h) Adsorption isotherms of the doped PBN structures at 300 and 77 K. i) Atomistic snapshots of the GCMC simulations at fully loaded undoped PBN_I to IV. j) Atomistic snapshots of the GCMC simulations at fully loaded doped PBN_I to IV. In (c) and (g), the red circles show the crossing points. In (i) and (j), the white spheres represent the adsorbed H 2 molecules while the green spheres denote Li + doping. The higher concentrations of H 2 molecules toward the sheets and Li+ ions are clearly visible.
shows the 3D isothermal gravimetric and volumetric H 2 uptake of the stacked BNNSs for several slab distances at 300 and 77 K. These results demonstrate a maximum gravimetric uptake of 8.65 wt% at 300 K, the highest hydrogen uptake on sorbents at room temperature without doping. Furthermore, for all pressures and temperatures, there exists an optimal slab distance Small 2018, 1702863 that results in the maximum volumetric uptake. However, in the case of gravimetric uptake, the optimum slab distances (which is not necessarily identical to those of the volumetric uptake) only occur up to a certain pressure. More precisely, beyond 15 bar at 300 K (or 10 bar at 77 K), the gravimetric uptake versus slab distance nearly saturates (at 300 K) or increases monotonously (at 77K). Furthermore, in the light of these 3D images and insights on PBN structures discussed earlier, the higher the temperature or the lower the pressure, the smaller the optimal slab distance, since less pore is needed to accommodate the maximum H 2 . As intuitively expected, cryogenic temperature decreases both the gravimetric and volumetric uptake capacities ( Figure 3 ). Generally speaking, as the temperature increases, both the gravimetric and volumetric uptake saturate logarithmically (sublinearly). This can be explained via the acceptance criteria of GCMC simulations for H 2 insertion, P accep ∝ e − ΔE/KT where − ΔE is the energy difference before and after molecule insertion, K is the Boltzman constant, and T is the temperature. Clearly, rising the temperature makes the acceptance probability smaller in a logarithmic asymptote. Although the stochastic nature of the acceptance and removal of molecules in GCMC simulations may slightly fluctuate the trend, the saturation is still logarithmic. Figure 4a shows a 2D cross-section of Figure 3b ,c at the important condition of 300 K and 1 bar. The optimal distance for both the gravimetric and volumetric uptakes is clearly visible with a sharply improved uptake capacity, compared to other slab distances. Interestingly, the optimal slab distances are almost identical for the gravimetric and volumetric uptakes. Thus, by just playing with the slab distance (PL), the model structure is nearly able to attain an impressive gravimetric uptake of 3.89 wt% at the slab distance of 5.4 Å and a volumetric uptake of 57.14 g L −1 at the slab distance of 5.0 Å. Alternatively, at a trade-off slab distance of 5.2 Å, the gravimetric and volumetric uptake can reach to 3.83 wt% and 55.21 g L −1 . Note that changing the infinite PD in these models to realistic finite PD in PBN only slightly decreases the uptakes due to the low H 2 adsorptions capabilities of the nanotubes. Thus, the 3D plots of Figure 3b -e clearly show the great power of this family of pillared BN nanostructures. Generally speaking, although commercial hexagonal BN flakes binds strongly to H 2 , their natural distance of 3.33 Å in their bulk phase is unable to accommodate H 2 with a kinetic diameter of 4.058 Å. [2] These results suggest putting pillars between the sheets at an optimal distance of ≈5.2 Å enables far greater H 2 uptake than that of their bulk phase. This synergistic mechanism of the sheets and nanotubes to create optimum pore slits with maximum energetic affinity yield an impressive H 2 uptake in PBN that is unattainable by either of its parent structures (tubes or sheets). From the large uptake capacities in Figure 3b -e, we find that by only optimizing the structural parameters, one can nearly reach or even exceed the 2017 DOE targets for gravimetric uptake of 5.5% and volumetric uptake of 40 g L −1 . Thus, further structural decorations such as doping will likely completely fulfill the DOE targets, since the basic uptake is almost satisfactory.
To boost uptake, we doped PBNs by alkaline metals and predicted their resultant uptake capacity via ab initio and GCMC calculations. Before embarking on a particular form of doping, we compared several possible dopants such as neutral Li and Na atoms as well as Li + and Na + cations on the BN sheet model (Supporting Information 5) . In what follows we focus on the Li + cation as the primary dopant due to its lighter weight, strong affinity toward H 2 , and strong binding energy to BN that could mitigate the clustering of dopands, which could significantly compromise the effect of doping. Table S5 (Supporting Information) lists the adsorption energy of Li + on the sheet, tube, and the junction as well as the adsorption energy of H 2 on the doped clusters. In all cases, the most stable position of Li + is the hollow position of the BN rings, and that of H 2 is on the top of the Li + in a horizontal orientation, in contrast to the vertical orientations in undoped structures. Note that the sheet cluster, which had the strongest affinity toward H 2 in the undoped structures falls behind the tubes in the doped structures. According to the results of Mulliken charge analysis (Table S6 , Supporting Information), this is because of the more positive charge of Li + when doped on the tubes (vs. sheets), facilitating more electron transfers from H 2 to the Li + on tubes during H 2 adsorption. Figure 1e shows the comparison of the ab initio PES data on the doped clusters and the fitted Morse potentials (Table S4 , Supporting Information). Interestingly, all the PES data collapse into one single plot, owing to the strong effect of Li + on H 2 adsorption, overshadowing the influence of morphologies of BN clusters. Figure 2e -h demonstrates the uptake of PBN I-IV in which Li + were randomly decorated in most stable positions with a doping ratio of Li:BN = 0.15 wt%, consistent with the doping ratio in our ab initio calculations. Compared to the undoped PBN structures, the Li + doping boosts significantly the H 2 uptake with well-defined defined adsorption sites. Note that here the gravimetric uptake values are evaluated with only explicit consideration of the Li + cations. In real materials, the cations have to be introduced as charge-neutral salts like LiF and LiCl, which could make the substrate denser and having less gravitational uptake. However, in these prototypical results, the reference uptake values clearly indicates the strong boosting effect that doping could have, which can be understood via analyzing radial distribution functions (RDFs) of GCMC simulations, which illustrate the general spatial location of the H 2 molecules relative to the atoms in the substrate ( Figure S7 , Supporting Information). For the undoped structures, a very wide nearest-neighbor peak exists for H-B and H-N pairs without other pronounced peaks. The absence of other peaks gives evidence against the presence of any ordered structure of the hydrogen molecules on the substrate. This is expected for this kind of sorbent materials with weak vdW-type physisorptive interactions. The wide nearest-neighbor peak shows that the H 2 molecules are attracted to the sorbent more like a continuum, without sharply defined preferred locations. In contrast, when the structures are doped with Li + , due to the induced strong attractions by dopant, the hydrogen molecules start to concentrate into the region with favorable distance to the doped atoms (see H-Li pairs). In this case, a second minor nearest-neighbor peak also emerges in the H-Li pairs ≈5 Å. This is caused by the strong attraction of the dopants, around which a second layer of hydrogen can be formed. Comparing the RDFs of doped and undoped systems in Figure S7 (Supporting Information), it is clearly visible that dopant atoms influence the H-B and H-N pairs, i.e., the first peak of H-B and H-N pairs in undoped systems becomes a plateau (in between ≈3-4.5 Å) in the doped systems, indicating more concentrated hydrogen adsorptions in larger domains.
In view of the above discussions, the general trend that increasing inter-pillar distance increases the gravimetric uptake of undoped structures is also present in the doped systems, which is counter intuitive. In the case of undoped structures, the sheets had higher affinity than the tubes toward H 2 , justifying this trend in terms of this energetic property. But in the case of doped structures, this energetic affinity is reversed and the tubes have a higher affinity towards H 2 . Thus the observed trend cannot be ramification of the energetic features alone. To understand and explain this behavior, we performed a computational experiment. The vdW interactions responsible for physisorption can be well approximated by pairwise two-body interactions. Here, the curvature of the tube can be expected to have a negative effect on the interaction with H 2 , since it would enlarge the distances between the hydrogen atoms with the substrate atoms. To verify this conjecture, we performed an experimental GCMC simulation with identical force fields for both the tubes and sheets. We found that the sheets still make larger contribution than the tubes toward H 2 adsorption, corroborating our conjecture. Therefore, the larger adsorption contributions of the sheets come from two sources: energetic affinity and a geometric factor. The latter source outweighs the more energetic affinity of the tubes in the doped system. This significantly large contribution of the geometrical factor explains the aforesaid identical trends in both doped and undoped systems. This is one of the significant results of this paper.
To explore the limiting mechanisms in the Li + doped systems, we studied the following two models (1) a sheet model: a uniformly spaced BN sheets with infinite PD, and (2) a tube model: a uniformly spaced BN tubes with infinite PL (slab distance), corresponding to a square lattice of parallel nanotubes. Both of these models are controlled by one parameter, the slab distance (PL) or the tube separation distance (PD), respectively. Figure 4b ,c shows the H 2 uptake of these two models at 300 K and 1 bar. From the gravimetric perspective, the optimal distance for the sheet model is 8.3 Å, giving an uptake of 5.69 wt% while that of the tube model is minimum 5 Å with an uptake of 3.92 wt%. The tube model is less capable of retaining H 2 , again corroborating our conjecture that the sheets contribute more to the H 2 uptake, despite their lower affinity.
Confirming the more contribution of the sheets in multiple ways, we scanned the detailed uptake capacity of the doped sheet model at different pressures and slab distances at both normal and cryogenic temperatures (Figure 3f-i) . For instance, at 300 K and 1 bar, while the maximum gravimetric and volumetric uptakes can reach to 5.69 wt% and 73.60 g L −1 , separately, these uptake values become 5.66 wt% and 59.94 g L −1 at the optimal (compromised) slab distance of 8.0 Å, still exceeding the 2017 DOE targets (Figure 5) . Finally, we studied the effect of increasing Small 2018, 1702863 the doping ratio to 0.4 on the H 2 uptake capacity of the "sheet model," which has the best performance. Figure 4d shows that at the optimal (compromised) slab distance of ≈9 Å, the gravimetric and volumetric uptake can reach 8.03 wt% and 92.97 g L −1 for 300 K and 1 bar conditions, both exceeding the DOE requirement at mild room conditions. In view of Figure 4a -d, we note that while the gravimetric uptake has a peak at the optimal slab distance in the undoped models, it becomes saturated in the doped structures, due to the strong interactions of the H 2 with the doped substrate, mitigating the synergistic interactions of the sheets enjoyed by the undoped structures.
Finally, we comment on the safety of such BN sorbents for H 2 storage. While BN sheets are typically flat, the synthesis conditions (impurities, asymmetric junctions, etc) may lead to wavy sheets that may have ripples, such as the 3D BN studied here. It is known that physical properties such as mechanical, thermal, and electrical properties of 2D materials (e.g., BN sheets) are affected by ripples. [35] [36] [37] [38] [39] [40] [41] For instance, in the case of mechanical properties, the ripples provide high toughness (due to extra stretch as a result of unfolding of the ripples) while the ultimate strength is not sacrificed; two properties that are conflicting (i.e., high toughness and high strength). [42] [43] [44] [45] [46] [47] [48] [49] [50] Thus, having these sheets slightly crumpled can increase their toughness to be more flexible (stretchable) to internal pressure or external loads, thereby increasing their safety due to impact, damage, etc, which is one of the major concerns for safe H 2 storage and transport. This is an interesting way of increasing the overall uptake performance using crumpled sheets, a design strategy that arises from the sorbent itself as opposed to external bracing, thick cylinders, etc. Furthermore, the tunable thermal/electrical properties induced by such ripples may provide new opportunities to tweak the adsorption and release kinetics on-demand (e.g., via applying an external voltage, heat, or an electric field to the sorbent sheet, [51] etc). Curvature inversion of crumpled 2D sheets is also another possibility to change binding energies, impart hydrogen desorption, and/or control release kinetics, [52] thus enhancing the performance of such 2D flexible sorbents. In addition, thermal annealing can influence release kinetics. [53] In conclusion, to put our results in general perspective, Figure 5 summarizes our key optimal uptake results in the context of other promising H 2 storage materials such as complex hydrides, chemical hydrides, and conventional hydrides. This work demonstrated a series of low density optimized BN nanoarchitectures, which tremendously amplify the performance of sorbent materials, putting them (almost) on equal footing with complex, chemical and conventional hydrides while inhibiting their deficiencies. This balanced capacity-kinetics-thermodynamics relationship via merger of energetic affinity and synergistic pore-structure effects enabled by 1D and 2D BN building blocks is the most significant result of this paper. Broadly, the proposed building block approach, along with our novel concepts and strategies for exhaustive search of optimum structure-property relationships in adsorption, opens up a new phase space for predicting efficient, high performance hybrid porous materials for gas storage.
Experimental Section
General Computational Methods: First, a high-accuracy ab initio method was used to explore the H 2 adsorption on representative clusters of PBN building blocks. Next, several Morse potentials were fitted to ab initio data to perform an extensive 3868 ab initio trained Grand-Canonical Monte Carlo (GCMC) simulations to evaluate the microscopic uptakes of BN-based structures as a function of geometry, temperature, pressure, and doping ratios.
Ab Initio Calculations: All the ab initio calculations for the weak van der Waals (vdW) interaction between the H 2 molecules and the undoped host BN nanostructures were done by using the Gaussian 09 package [54] based on second-order Møller-Passet (MP2) theory with cc-pVTZ basis set. This level of theory includes electron correlation to the second order including London dispersion forces important to the interaction of gas molecules and BN substrates. As such, the PESs obtained through this method are suitable for quantifying weak vdW interactions that are sensitive to local environments such as those in our study. In view of the large phase space of the parameters such as various large models, systematic size effect study (see Supporting Information), doped/ undoped systems, and various PESs as a function of distance, this level of theory is quite demanding and sufficient for our purpose.
Small 2018, 1702863 Figure 5 . Optimal hydrogen storage of this work compared to other promising hydrogen storage materials. The red circles and squares denote PBN and BN sheet model structures, respectively. Hallow circle/square symbols refer to undoped structures while solid symbols denote doped structures with Li:BN doping ratio of 0.15. Each square data point for the sheet model refers to the best combination of the gravimetric and volumetric H 2 uptake that is extracted from Figure 3 at a (compromised) optimal distance. The structure with the doping ratio of 0.4 is further marked with a star. The referenced uptake data are taken from literature. [1, 2, [6] [7] [8] [9] [10] [11] [29] [30] [31] [32] [33] [34] The present work tremendously amplifies the performance of sorbent materials, putting them (almost) on par with complex, chemical and conventional hydrides while inhibiting their deficiencies. This balanced capacity-kinetics-thermodynamics relationship via merger of energetic affinity and synergistic pore-structure effects enabled by 1D and 2D BN building blocks is the most significant result of this paper.
Given that in the vdW interactions, the electrons of the two individual moieties were able to occupy all the bonding orbitals on each moiety, the counterpoise correction to the basis-set superposition error (BSSE) was not applied since the Pauli exclusion principle excluded the electrons on one moiety from using the orbitals in another. This was consistent with the previous report that suggested against applying counterpoise correction for treating vdW complexes with a large basis set or at short range, to maintain good balance between the BSSE and the basis-set convergence error (BSCE). [55] The geometry of the model clusters was optimized (except the junction, which was quite large and not suitable for our high level of theory) under the constraint of fixed dihedral angles in the substrate atoms to keep the curvature fixed. Next, the adsorption energy of H 2 was studied on the top of N atom, B atom, and the bridge position between the N and B atom as well as hollow position in the center of a hexagonal ring. The H 2 molecule was always set to be perpendicular to the surface, which was energetically more favorable. [18] The structures of the vdW complexes were also fully optimized under the fixed-curvature constraint. The adsorption energy was calculated as the difference in energy between the complex and the sum of the individually optimized energies of the substrate and H 2 (Table S3 , Supporting Information). After determining the most energetically favorable position of H 2 to approach various parts of the substrate (Table S3 , Supporting Information), PES was performed by adjusting the distance between H 2 and the substrate (Figure 1d) .
Fitting Empirical Potentials Against Ab Initio PES Data:
Using the high accuracy PES data obtained from our ab initio calculations for several guest-host distances, the D e , α, and r e parameters were fitted and obtained of several empirical Morse potentials
representing interactions between various pair species. In-house python code was used, which uses the Scipy package for nonlinear fitting. In order to not overlook the importance of octagon part of the junction in geometric optimization, which was not relaxed due to its large size, several possible positions of H 2 were also scanned on top of it via ab initio calculations at MP2/cc-pVTZ level of theory. Next, all the B and N atoms were labeled in the pyrene-like clusters according to their types, i.e., sheet, tube, and junction (leg or octagon). Since the atomic types were dispersed in multiple individual structures, for better accuracy and consistency, all the PES scan data were gathered together for fitting the Morse parameters. More precisely, for the four clusters used, we minimized the total standard deviation of the system via ∑ ( )
In above, i is summed over all the configurations from the four sets of PES scans and (
Morse E i p denotes the energy from Morse potential of the configuration i based on the Morse parameter vector p, which is comprised of the eight sets of D e , a, and r 0 for the interaction of hydrogen atom with the four types of B and N substrate atoms (sheet, tube, junction leg and junction octagon, as shown in Figure 1 in the main text). The Morse parameters in p are optimized via nonlinear optimizer in scipy. The resultant force field parameters are given in Table S4 (Supporting Information). Unlike the generic force fields, these Morse potentials are fitted directly against our extensive ab initio data. Thus, here the force fields describing the weak interactions between the H 2 molecules and substrate atoms in GCMC simulations are based on ab initio MP2 level of theory aimed at accurately describing the London dispersions. This approach of fitting force-field to ab initio energetic data has been widely applied to the study of gas uptake properties by weak interactions. [56, 57] However, here the cluster models of the substrate for fitting are of much larger size, consisting of about 30 atoms, in contrast with the more common minimal models of a single hexagonal ring of atoms. These larger models are necessary to accurately account for the interaction with the B and N atoms in different curvature. Also here, for both the doped case and the undoped case, the interaction with all types of atoms in the substrate are fit against the ab initio data, which is slightly different from the more conventional approach for MOF materials to fit only the interaction with a selected set of important atoms and use generic force field for others. [58] [59] [60] [61] Grand-Canonical Monte Carlo Simulation: With the high-accuracy ab initio based Morse potentials obtained, an extensive 3868 GCMC simulations [62] was performed to obtain the macroscopic adsorption in the BN nanostructures at various conditions using the Gulp code. [63, 64] More precisely, the 3868 simulations come from: (i) 448 simulations performed on 4 PBN structures at 28 different pressure points, 2 temperatures (300 and 77 K) and two doped and undoped scenarios (448 = 4 × 28 × 2 × 2), ii) 3360 simulations performed on the sheet model at 30 different slab distances, 28 different pressure points, 2 temperatures (300 and 77 K) and two doped and undoped scenarios (3360 = 30 × 28 × 2 × 2), and iii) 60 simulations to study the doping ratio of 0.4 on the sheet and tube models at 30 different slab distances at room temperature (60 = 30 × 2).
For each GCMC simulation, 10 million steps were used to reach equilibrium and another 10 million steps for sampling. GCMC simulations were performed on structures with periodic boundary conditions. For Monte Carlo moves, four types of equally probable trials were used including insertion, translation, rotation, and deletion of for H 2 molecules while all the atoms in the BN framework were kept fixed. The cutoff of the Morse potential was set to 10.0 Å, and calculated the chemical potential for any given temperature and pressure via the PengRobinson equation of state. [65] For doped systems, all the aforesaid strategies were used for ab initio, Morse fitting, and GCMC simulations except that due to steep scaling of the MP2 method with the lager sizes of the doped systems (see Supporting Information 3), the B3LYP density functional was chosen with the semiempirical correction for vdW interactions. [66] A large basis set of 6-311G** was used, which is known to give a good account of vdW interactions. [67] The much stronger interactions of H 2 and doped systems compared to those of the undopsed systems (c.f. Tables S3 and  S5 , Supporting Information) further confirm the use of a lower level of theory (B3LYP-D3BJ) for doped systems.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
Supplementary information 2. Key Structural parameters of PBN I-IV
The 3D PBN nanostructures studied in this work are identical to those used in our previous report.
3 These structures are composed of stacks of monolayer BNNSs that are covalently joined through uniformly-spaced single wall BNNT (Figure 1a ). Since the proximity of two B or N atoms in a ring is not energetically favorable, a key feature of all hybrid BN nanostructures is that the junctions are composed of only even-member rings (e.g., hexagons or octagons), unlike the analogous 3D carbon-based junctions 3 which can have even-or odd-member rings. In PBN I to IV, all junctions comprise 3 octagonal rings while the rest are hexagons. Table S1 shows all the structural parameters of PBN I to IV along with their specific surface area per mass and per volume. Figure S1 ), the latter was found necessary to get converged results (Table S2 ). The single-ring model was not even adequate to get sufficient adsorption geometry. Although the top position on the nitrogen atom should be the most stable geometry, a local minimum on the potential energy surface is not possible, since the environment around the nitrogen atom in the single-ring model is highly distorted from the geometry in a real sheet. The strong asymmetry around the nitrogen will pull the hydrogen molecule inside towards the hollow position. Similarly, in the case of the double-ring pyrene model, there is a significant change in the interaction on the hollow position. However, the changes in going from the double-ring to quad-ring is sufficiently small, pointing out that the quad-ring model is able to reproduce the actual interaction s between the host material and the hydrogen molecule with sufficient accuracy. Figure S1 . Geometry of the investigated cluster models representing the BN sheets. a) a single-ring benzene-like model, b) a double-ring naphthalene-like model, and c) a quad-ring pyrene-like model. After determination of the proper cluster size, pyrene-like structures were ripped separately from the sheet, tube, and junction to serve as models for PBN. Due to the presence of both octagonal and hexagonal rings in the junctions, we considered two representative clusters for the junctions: the leg part, which comprises only hexagons, and the octagon part, which consists of one single octagonal ring ( Figure   1b in main text). These clusters, which were saturated by hydrogen atoms at their boundaries were used as representative models for the ab initio study of their corresponding regions in the PBN. Next, we optimized the geometry of the model clusters and studied the adsorption energy of H 2 with favorable orientation on various locations around B and N atoms. As shown in Table S3 , for both the BN tubes and sheets, H ! is most stable on the "top" position of the N atoms, while the "bridge" position offers a more favorable site for the junction leg, mainly due to the high curvature imposed by the junction. H ! interacts most strongly with the leg part of the junction, followed by the sheet, and then the tubes. The latter two ordering is consistent with the previous ab-initio results that lower curvature of BNNT yields higher adsorption energy for non-polar molecules. 1 In our case, the BNNS can be conceptualized as a BNNT with an infinite radius. The optimized geometries of the most stable orientations are shown in Figure 1d in the main text, and the optimal and suboptimal geometries on, as an example, the sheet cluster are shown in Figure S2 . 
Supplementary information 5. Energetics of doping and hydrogen-dopant interaction
Adding dopants increases the complexity of the clusters and the system. Figure 1c in the main text shows the cluster models of PBN with dopants. When cluster models of a system are designed to correspond to our doping ratios, the size of the cluster becomes larger than the pyrene-like structures, which was sufficient for studying the bare undoped substrates. As a result, larger clusters with coronenelike structures are used for the sheet and tube part (the leg part is still represented by the pyrene-like structure since the leg part has a definite finite size in the PBN structure, unlike the extended, periodic sheet and tube parts) (Figure 1c) .
We note that the Li ! alone cation cannot constitute the dopant. It needs to be introduced in forms such as halide salt. Here, we considered primarily the effect of the cation due to its large contribution. 4 We found that the binding energy of Li ! and Na ! on the BN sheet model are 39.72 and -25.46 kcal/mol respectively, and they both tend to be adsorbed on the hollow position of the BN rings. In the case of neutral dopants, the geometry optimizations of the system led to spontaneous separation of the BN and the dopants, indicating that they cannot be doped onto these nanostructure. We found the adsorption energy of H ! on the BN sheet doped by Li ! and Na ! as -4.7390 and -3.2189 kcal/mol, respectively.
The energetics of doping and dopant-hydrogen interaction is summarized in Table S5 . The
Mulliken charge analysis of the doping process is given in Table S6 . Note that in view of table S5, the binding energy for Li ! on octagon rings of the junction is much lower than other clusters, suggesting that Li ! is highly unlikely to be present on the hollow part of the octagon rings. Thus, in this work, we only focus on the effect of doping on the sheet, tube and leg parts of the junctions, and assume that the octagonal rings of the junctions will not be affected directly by doping. Figure S7 . Representative radial distribution functions taken ta the end of the GCMC simulations on the pristine and doped PBN structure I-IV at 77 K and 3 bar.
Supplementary information 7.
Absolute and excess H 2 uptake at different isotherm conditions. 
